Autonomic reflexes enable the cardiovascular system to respond to gravitational displacement of blood during changes in posture. Spontaneous oscillations present in the cerebral and systemic circulation of healthy subjects have demonstrated a regulatory role. This study assessed the dynamic responses of the cerebral and systemic circulation upon standing up and the posture dependence of spontaneous oscillations. In ten young healthy volunteers, blood pressure and cerebral haemodynamics were continuously monitored non-invasively using the Portapres R and near-infrared spectroscopy (NIRS), respectively. Oscillatory changes in the cerebral NIRS signals and the diastolic blood pressure (DBP) signal have been identified by the fast Fourier analysis. Blood pressure increased during standing and returned to basal level when volunteers sat on a chair. The mean value of cerebral tissue oxygen index (TOI) as measured by NIRS did not demonstrate any significant changes. Oscillatory changes in DBP, oxyhaemoglobin concentration [O 2 Hb] and TOI showed a significant increase when subjects were standing. Investigation of the low frequency component (∼0.1 Hz) of these fluctuations revealed posture dependence associated with activation of autonomic reflexes. Systemic and cerebral changes appeared to preserve adequate blood flow and cerebral perfusion during standing in healthy volunteers. Oscillatory changes in [O 2 Hb] and TOI, which may be related to the degree of cerebral sympathetic stimulation, are posture dependent in healthy subjects.
Introduction
Assumption of the upright posture from supine causes hydrostatic pressure differences, resulting in a rapid shift of blood from the thorax to the distensible veins, which causes a decrease to the central circulating blood volume . In healthy humans, upon standing, neural reflexes are activated rapidly in order to regulate blood pressure and maintain adequate cerebral perfusion (Shamsuzzaman et al 1997 , Harper et al 1972 . This simple manoeuvre has been adopted by numerous clinics as a physiological stress stimulus to test the autoregulation capability of both systemic and cerebral vasculature (Colier et al 1997, McLeod and Tuck 1987) .
Investigation of the consequences of posture changes in the cerebral vasculature can be performed by the application of near-infrared spectroscopy (NIRS). NIRS is an optical technique that provides information on tissue oxygenation and haemodynamics on a continuous, direct, and non-invasive basis (Jöbsis 1977) . The physical principles behind NIRS are based upon the fact that light in the near-infrared range (700-1000 nm) can pass through skin, bone and other tissue relatively easily. The absorption of the near-infrared light is proportional to the concentration of certain chromophores, notably [O 2 Hb] and deoxyhaemoglobin [HHb] , which have different absorption spectra, and the concentration of each depends upon the tissue oxygenation status. A measurement of absorption at a number of wavelengths provides an estimate for their concentrations and the average tissue oxygenation (Fox et al 1985) .
Spontaneous oscillations with repetition rates of a few cycles per minute and bearing no simple relation to the rhythm of respiratory activity have been previously observed in experimental animal studies under various conditions (Hudetz et al 1992 , Preiss and Polosa 1974 , Holzbauer and Vogt 1964 . These low frequency oscillation waves around the region of 0.1 Hz have been termed Mayer-waves (M-waves); they were first observed in arterial blood pressure measurements and were linked to sympathetic neural oscillations (Preiss and Polosa 1974, Guyton and Harris 1951) . Similar spontaneous oscillations have also been reported in transcranial Doppler investigations and NIRS studies of the cerebral circulation of normal human volunteers (Zhang et al 2000 , Elwell et al 1999 . The aim of this study was to investigate the posture dependence of the magnitude of the low frequency oscillations in cerebral haemodynamics and blood pressure. The dependence of baseline values of cerebral oxygenation and blood pressure with changes in posture was also studied. This work may have an impact on clinical studies on patients with autonomic failure, as well as investigations of the functionally active brain.
Methods

Subjects
Ten healthy volunteers (eight males and two females) of mean age 24 ± 6 years were investigated. Subjects gave informed written consent, and the study was approved by the local ethics committee of the National Hospital for Neurology and Neurosurgery, London, UK.
Measurements
A continuous wave near-infrared spectrometer, with a sampling rate of 6 Hz (NIRO 300, Hamamatsu Photonics KK) was used to measure absolute cerebral tissue oxygenation index (TOI) over the frontal cortex by application of the near-infrared spatially resolved reflectance spectroscopy technique (Suzuki et al 1999) , together with changes in [O 2 Hb] and [HHb] by utilizing of the modified Beer-Lambert law (Delpy and Cope 1997) .
The optodes were held in place on the forehead (taking care to avoid the midline sinuses) using elastic bandage and shielded from ambient light by a black cloth. The use of the elastic bandage helps to reduce possible signal contamination from surface tissue by squeezing out some of the skin blood. An optode spacing of 5 cm was used, and the differential path length factor was assumed to be 6.26 (Duncan et al 1995) . Raw data at 6 Hz were collected through the serial port on a PC and later converted to chromophore concentrations.
A Portapres R system (TNO Institute of Applied Physics, Biomedical Instrumentation) was used to continuously measure non-invasive blood pressure from the finger. The Portapres R device is based on the arterial volume clamp method of Peñáz (1973) . It includes a system that automatically corrects for changes in finger pressure induced by changes in the hydrostatic level between the heart and the instrumented finger because of changes in hand placement during the testing procedure (Gizdulich et al 1995 , Imholz et al 1998 . The data were collected to a PC via a serial link with a sampling rate of 100 Hz. A full beat-to-beat analysis was performed with the manufacturers Beatscope software in order to derive mean (MBP), diastolic (DBP) and systolic (SBP) blood pressure. The DBP signal, after extraction and interpolation from the blood pressure signal, was resampled to 6 Hz.
Protocol
All studies were performed in a darkened room. Each volunteer underwent three postural changes. The volunteer lay in the supine position for 10 min, and then moved to the standing position for a further 5 min and finally to the sitting position (in a chair) for 10 min. To help reduce movement artefact, the volunteers were asked to avoid sudden movements during changes in posture.
Statistical analysis
All data are presented as mean ± standard deviation. The mean change in [O 2 Hb], total haemoglobin [tHb] (derived from adding [O 2 Hb] to [HHb] ), TOI and MBP for all ten subjects were calculated for a 2 min interval near the end of each posture to evaluate a baseline, with careful consideration taken to remove any movement artefact if present. Statistical analyses were performed in MatLab using a paired t-test with significance accepted as p < 0.05.
Power spectral analysis
A non-parametric FFT algorithm was used on the [O 2 Hb] and TOI signal measured by the NIRO 300 and the DBP signal derived from the blood pressure waveform obtained from the Portapres R . The Welch technique with a Hanning window of 256 sample points (∼42 s sliding window) and an overlap of 128 points was used. The signals to be analysed were detrended to remove baseline shifts. From the NIRS data, the [O 2 Hb] and TOI signals were selected for analysis since previous studies have shown that spontaneous oscillations are most prominent in the [O 2 Hb] signal (Obrig et al 2000 , Elwell et al 1999 and that the TOI is highly sensitive to changes in intracranial haemodynamics (Al-Rawi et al 2001). Three standard frequency bands were defined in the data (Task Force of the European Society of Cardiology and the North American Society of Pacing and Electrophysiology 1994): very low frequency (VLF), 0.02-0.04 Hz, low frequency (LF), 0.04-0.15 Hz and high frequency (HF), 0.15-0.4 Hz. The spectral power for each band was calculated from the area under the power spectrum density (PSD) curve using the trapezoidal method.
Results
[O 2 Hb] and [tHb]
The mean values and standard deviations for [O 2 Hb] and [tHb] with respect to the supine position for all the subjects are shown in table 1. Paired t-tests showed no statistically significant differences in the mean baseline values of these signals with changes in postures.
TOI and MBP
The summary statistics demonstrate a significant increase in the mean baseline values of MBP between supine and the standing posture (paired t-test, p = 0.005), and between supine and when the volunteers sat on the chair (paired t-test, p = 0.019). Although there was a trend for TOI to show a small decrease between supine and standing, the statistics of the whole population did not achieve significance. These results are summarized in table 2.
Power spectral results
Figures 1 (a) and (b) show the oscillatory changes in [O 2 Hb] and TOI together with the corresponding power spectral analysis for one subject, typical of the whole group. The changes in the power of the LF component in the PSD are reflected by an increase in amplitude of the 0.1 Hz oscillations seen in the raw signal. These observations raise the question of the relation between cerebral and systemic vascular vasomotion. Therefore, the DBP for each subject was derived and also analysed to investigate the presence of the same low frequency oscillations. ( p = 0.002). Significant differences were also seen in the TOI LF oscillations between supine and standing posture (paired t-test, p = 0.007), and between the supine and sitting posture (paired t-test, p = 0.002). Paired t-test also showed a significant increase ( p < 0.0005) in the magnitude of the DBP oscillations data as subjects changed postures from supine to standing.
Discussion
We have shown that the spectral characteristics of spontaneous oscillations in cerebral [O 2 Hb] and TOI are posture dependent in normal volunteers; the magnitude of oscillations in diastolic blood pressure also showed posture dependence. There were no significant differences in baseline values of cerebral [O 2 Hb], [tHb] and TOI; however, MBP increased during standing, these results are in accordance with previous reports (Mehagnoul-Schipper et al 2000) . Spectral analysis can help us to distinguish between the various low frequency oscillations. The power spectrum signal shows oscillations in a variety of frequency bands. There is a pronounced peak at the heart rate frequency around 1 Hz (P-waves), a broad peak at the breathing rate around the HF range at 0.3 Hz (R-waves) and a peak in the LF range around 0.1 Hz (M-waves) (Müller et al 2003) . The physiological explanation of the VLF component (B-waves) is much less defined and the existence of a specific physiological process attributable to this frequency range might be questioned. Furthermore the non-harmonic component which does not have coherent properties and which is affected by algorithms of baseline or trend removal is commonly accepted as a major constituent of the VLF signal. Thus the VLF results for this study were not investigated. We concentrated on the changes in amplitude of the LF oscillations; it is possible that the posture-related changes in the oscillations in this frequency range as shown in figures 1 and 2 are a result of the baroreflex, which suggests the LF oscillations could be a marker of sympathetic activity (Preiss and Polosa 1974) . This technique is currently under investigation as an analysis tool to assess patients with orthostatic hypotension due to sympathetic failure (Bleasdale-Barr et al 2002) .
During standing the gravitational difference induces a rapid shift of blood from the thorax to the lower parts of the body. In healthy humans, neural reflexes adjustments are activated rapidly in order to regulate blood pressure and keep adequate cerebral perfusion. Activation of the baroreceptor reflex mechanisms increases heart rate and peripheral vascular resistance within 30 s of standing , Carey et al 2001 . Cerebral blood vessels are richly innervated with adrenergic nerve fibres. Under resting conditions, these nerves probably have little role in controlling CBF, but under conditions of moderate hypertension sympathetic activation constricts cerebral blood vessels in an attempt to maintain cerebral perfusion , Harper et al 1972 . Similar phenomena have also been observed on the skin vasculature by a study from Strauss and colleagues (1998) ; they have demonstrated that skin micro-circulatory vasomotor tone can be modulated in humans by the sympathetic nervous system.
A limitation of adult cranial NIRS applications has been a lack of depth resolution, which may not allow for a separation of signals from the skin and skull versus those from the brain. These errors and biases of the NIRS signals have been investigated and reported elsewhere (Okada and Delpy 2003 , Al-Rawi et al 2001 , Owen-Reece et al 1996 . Here we attempted to eliminate the extracranial contamination by firstly attaching the probes firmly on the forehead by the use of an elastic bandage therefore reducing possible signal contamination from surface tissue by exsanguinating some of the skin and secondly by using a newer generation of NIRS instrument. The NIRO 300 used in this study incorporates spatially resolved spectroscopy to provide percentage changes in tissue oxygen saturation. This new measurement has been termed the tissue oxygenation index (TOI), and is the ratio of oxygenated to total tissue haemoglobin. TOI is more selectively sensitive to intracranial changes. In a recent study, Al-Rawi et al (2001) measured TOI in 60 adult patients during clamping of the internal and external carotid artery and showed that the sensitivity of TOI to intracranial changes was 87.5% with a specificity of 100%.
The haemodynamic status of the resting brain, characterized in part by the low frequency oscillations described in this paper, is an important factor when considering measurements of the haemodynamic response of the functionally activated brain. Measurements of the haemodynamic response to functional activation performed using fMRI require the subject to be supine. Measurements of the haemodynamic response to functional activation using NIRS or EEG are generally performed with the patient upright (Bonmassar et al 1999 , Villringer et al 1993 . Our data show a significant difference, in the resting brain, between the magnitudes of these low frequency oscillations in [O 2 Hb] with different postures. This posture dependence should therefore be considered when comparing haemodynamic response data collected using different modalities.
